INTRODUCTION
============

The actin cytoskeleton is crucial for establishing, maintaining, and changing the shape of mammalian cells ([@B36]). However, compared with recognized roles for actin rearrangements in remodeling the plasma membrane, relatively little is known about how the actin nucleation machinery influences the shape or movement of the organelles that comprise the secretory system. For example, the endoplasmic reticulum (ER), Golgi apparatus, and ER--Golgi intermediate compartment (ERGIC) have distinct morphologies tailored to their functions, but each is also reorganized into pleiomorphic carriers that transport cargo. The regulation and function of the actin cytoskeleton in these remodeling processes are not well understood.

Branched actin filament networks are assembled by a heptameric macromolecule called the Arp2/3 complex and nucleation-promoting factors from the Wiskott--Aldrich syndrome protein (WASP) family, which direct Arp2/3-mediated actin polymerization during different cellular processes. Among the ubiquitously expressed factors, N-WASP facilitates receptor-mediated endocytosis and actin-based vesicle motility, WASH controls endosome shape and trafficking, and WAVE1, WAVE2, and WAVE3 drive protrusions of the plasma membrane during cell migration ([@B7]; [@B39]; [@B45]). Junction-mediating and regulatory protein (JMY) is a WASP-family member with multiple cellular activities, such as increasing cell motility, facilitating transport from the *trans*-Golgi to the plasma membrane, and enhancing autophagosome biogenesis ([@B11], [@B10]; [@B52]; [@B44]). WHAMM shares 33% sequence identity with JMY and also functions in remodeling membranes of the conventional secretory pathway, but WHAMM primarily acts between the ER and Golgi ([@B6]). WHAMM can additionally drive the actin-based "rocketing" motility of autophagosomes that arise from subdomains of the ER ([@B21]).

Endogenous WHAMM localizes to the *cis*-Golgi and dynamic tubulovesicular ERGIC-like structures ([@B6]). Consistent with a role in organizing and trafficking secretory membranes, depletion of WHAMM causes a dispersion of the Golgi away from the microtubule-organizing center and delays transport of the viral glycoprotein VSV-G from the ER to the Golgi and cell surface ([@B6]). In contrast, slightly elevating WHAMM protein levels increases the appearance of tubular membranes that move in an actin- and/or microtubule-dependent manner ([@B6]). Simultaneous binding of WHAMM to liposomes and microtubules in vitro promotes an initial deformation of membranes ([@B46]), whereas actin nucleation via WHAMM and Arp2/3 complex in cells can drive the elongation of membrane tubules ([@B6]). However, the regulatory factors that govern these processes are not known.

Studies on the regulation of WASP-family proteins indicate that their localization and activity are often controlled by the Rho family of small G-proteins. For example, N-WASP and WAVE1/WAVE2 can be recruited to the plasma membrane and activated by Cdc42 and Rac1 ([@B27], [@B28]; [@B38]; [@B13]; [@B48]; [@B19]). Cdc42 has also been implicated in Golgi to ER transport, perhaps acting upstream of N-WASP ([@B24]; [@B26]), and full activation of WAVE2 requires costimulation by a second G-protein, membrane-associated Arf1 ([@B23]). However, altering the expression of N-WASP, WAVE1, or WAVE2 does not substantially affect the organization of the ER or Golgi ([@B6]). Of interest, the atypical Rho-family member RhoD ([@B3]) interacts with WHAMM in cell extracts ([@B15]) and influences Golgi-related transport ([@B4]), but it is not clear whether their interaction affects membrane remodeling or actin nucleation.

Multiple small G-proteins, especially several from the Sar/Arf and Rab families, control the organization and trafficking of ER and Golgi membranes ([@B16]; [@B17]; [@B20]; [@B41]; [@B51]; [@B14]) and are therefore good candidates for regulating cytoskeletal rearrangements at these organelles. In humans, this includes two Sar1 isoforms (Sar1a and Sar1b), which control COPII vesicle coat assembly and ER exit, and Arf1, which controls COPI coat assembly on ERGIC and Golgi membranes. In addition, two Rab1 isoforms (Rab1a and Rab1b), which are 92% identical, function in several aspects of ER--Golgi transport, including vesicle tethering ([@B35]; [@B49]; [@B34]; [@B1]; [@B31]). Rab1 proteins also associate with ERGIC membranes, where they influence Golgi-directed and perhaps unconventional Golgi-independent carriers ([@B40]; [@B25]).

The established roles for small GTPases in recruiting and activating nucleation factors led us to explore whether several G-proteins that are known to operate in the secretory pathway might influence WHAMM-mediated membrane remodeling. Our results uncover a new mechanism of dialogue between Rab-family G-proteins and the actin nucleation machinery and highlight a role for Rab1 in limiting WHAMM-associated actin assembly.

RESULTS
=======

Rab1 stimulates tubulation of WHAMM-associated membranes
--------------------------------------------------------

WHAMM promotes membrane tubulation, but the mechanisms that regulate this process are not well understood. To test whether small G-proteins affect WHAMM-mediated membrane tubulation, we transiently coexpressed mCherry-tagged WHAMM with green fluorescent protein (GFP)--tagged versions of Sar1a, Rab1a, Arf1, Cdc42, or RhoD in fibroblasts and quantified the fraction of cells with membrane tubules, defined as WHAMM-associated structures that were \>1 μm long and not within the Golgi. As shown previously ([@B6]), mCherry-WHAMM localized to the Golgi region and to tubulovesicular structures in the cell periphery ([Figure 1A](#F1){ref-type="fig"}). Approximately 12% of cells expressing mCherry-WHAMM alone or in combination with GFP contained membrane tubules that typically measured several micrometers in length ([Figure 1B](#F1){ref-type="fig"}). Coexpression of WHAMM with Sar1a, Arf1, Cdc42, or RhoD did not affect the fraction of cells with visible membrane tubules ([Figure 1B](#F1){ref-type="fig"}). However, coexpression of mCherry-WHAMM with GFP-Rab1a increased the fraction of cells with tubules to 80% ([Figure 1, A and B](#F1){ref-type="fig"}). We observed similar results after exchanging the fluorescence tags on WHAMM and Rab1, as \>80% of cotransfected cells harbored tubules, compared with 10--15% of cells expressing GFP-WHAMM alone (Supplemental Figure S1A). When expressed by itself, mCherry-Rab1a also showed a tubular localization pattern in 10--15% of cells (Supplemental Figure S1A), implying that these structures are the same as those induced by WHAMM (later discussion of [Figure 2](#F2){ref-type="fig"}). Of interest, when examining cells coexpressing fluorescent WHAMM and Rab1a, we noticed that many tubules were unusually long (\>5 μm) and even branched ([Figure 1A](#F1){ref-type="fig"}). Whereas \<5% of cells coexpressing mCherry-WHAMM with Sar1a, Arf1, Cdc42, or RhoD contained tubules \>5 μm long, \>50% of cells coexpressing mCherry-WHAMM and GFP-Rab1a harbored such long tubules ([Figure 1B](#F1){ref-type="fig"}). Thus, among our set of canonical ER- and Golgi-associated G-proteins, Rab1 possesses the specific ability to increase the number and length of WHAMM-associated membrane tubules.

![Rab1 stimulates tubulation of WHAMM-associated membranes. (A) Cos7 cells were transfected with plasmids encoding mCherry-WHAMM and GFP or GFP-Rab1a, fixed, and examined by fluorescence microscopy. Arrowhead and arrow highlight examples of short (1--5 μm) and long (\>5 μm) membrane tubules, respectively. (B) Cos7 cells were cotransfected with plasmids encoding mCherry-WHAMM and GFP-tagged versions of Rab1a, Sar1a, Arf1, Cdc42, or RhoD. The percentage of cells with WHAMM-associated structures \>1 μm or \>5 μm in length was quantified. (C) Cos7 cells were cotransfected with plasmids encoding GFP-WHAMM and mCherry-tagged versions of wild-type (WT) Rab1a, constitutively active (CA) Rab1a (Q70L), or dominant-negative (DN) inactive Rab1a (S25N or N124I). Alternatively, Cos7 cells were cotransfected with a plasmid encoding GFP-WHAMM and a control siRNA, siRNAs to Rab1a and Rab1b, or siRNAs to RhoD. The percentage of cells with WHAMM-associated structures \>1 μm in length was quantified, and cells expressing the mCherry vector or transfected with control siRNAs were each set to 1 for normalization. In B and C, every bar represents the mean ± SD from three to five experiments in which 50--100 cells were counted per experiment. \*\*\**p* \< 0.001, \*\**p* \< 0.01, \**p* \< 0.05; ANOVA with Dunnett's posttest. See Supplemental Figure S1.](967fig1){#F1}

![WHAMM and Rab1 colocalize at the Golgi region and along dynamic tubulovesicular membranes. (A) Cos7 cells were cotransfected with plasmids encoding mCherry-WHAMM and GFP-Rab1a (WT) and fixed. Colocalization along tubulovesicular structures at the periphery of a cell is shown. The edge of the intensely fluorescent Golgi region is indicated G. (B) Cos7 cells were cotransfected with GFP-WHAMM and mCherry-Rab1a plasmids (WT) and examined live. Arrows highlight areas of active tubule dynamics (Supplemental Video S1). (C) HFF clones stably expressing the LAP tag or LAP-WHAMM (WHM) were lysed and subjected to immunoblotting with antibodies to WHAMM or tubulin. (D) HFFs stably expressing LAP-WHAMM were fixed and stained with polyclonal antibodies to Rab1b. See Supplemental Figure S2.](967fig2){#F2}

To determine whether the nucleotide-binding state of Rab1 influences these membrane remodeling events, we coexpressed GFP-WHAMM with a constitutively active GTP-bound mutant (Q70L) of Rab1a or two inactive versions of Rab1a, one (S25N) locked in a GDP-bound state and another (N124I) defective in nucleotide binding ([@B49]). Cells expressing the active Rab1a mutant formed WHAMM-associated tubules as frequently as those expressing the wild-type version ([Figure 1C](#F1){ref-type="fig"}), indicating that GTP-bound Rab1 can stimulate tubulation. In contrast, the two inactive Rab1a mutants behaved as dominant-negative inhibitors of membrane tubulation. Compared to the basal level of tubulation in cells expressing the mCherry vector, threefold-to-fourfold fewer cells expressing the mCherry-tagged S25N or N124I variants contained WHAMM tubules ([Figure 1C](#F1){ref-type="fig"}), suggesting that Rab1 activation is crucial for tubule biogenesis.

To further test whether Rab1 is important for membrane tubulation, we targeted Rab1a and Rab1b for silencing using small interfering RNAs (siRNAs) and assessed the effect on GFP-WHAMM--associated membrane remodeling. Immunoblotting and immunostaining of transfected cells with polyclonal Rab1 antibodies indicated that, aside from a weak nuclear staining pattern, Rab1 protein levels were nearly abolished in response to three independent pairs of Rab1a+b siRNAs (Supplemental Figure S1, B and C). Of interest, Rab1 depletion was associated with a twofold-to-fivefold reduction in the fraction of GFP-WHAMM--expressing cells containing membrane tubules ([Figure 1C](#F1){ref-type="fig"}). We also treated cells with siRNAs to RhoD (Supplemental Figure S1B), but RhoD targeting did not significantly affect tubulation driven by GFP-WHAMM ([Figure 1C](#F1){ref-type="fig"}) or by coexpression of GFP-WHAMM with mCherry-Rab1 (Supplemental Figure S1D). Taken together, our dominant-negative and depletion studies highlight a specific functional relationship between active Rab1 and the remodeling of WHAMM-associated membranes.

WHAMM and Rab1 colocalize at the Golgi and ER-associated tubular membranes
--------------------------------------------------------------------------

Given that Rab1 has a major influence on the ability of WHAMM to promote membrane tubulation, we next examined the localization of Rab1 during this process. Like WHAMM, Rab1 is found at the *cis*-Golgi and ERGIC ([@B35]; [@B40]), so it was not surprising that we visualized a prominent juxtanuclear localization for GFP-Rab1a (e.g., [Figure 2, A and B](#F2){ref-type="fig"}, lower left). Strikingly, however, GFP-Rab1a was also found on the WHAMM-associated tubulovesicular membranes in the periphery of cotransfected cells ([Figure 2A](#F2){ref-type="fig"}). Although cells harbored some independent Rab1- and WHAMM-associated vesicles, mCherry-WHAMM and GFP-Rab1a exhibited nearly perfect colocalization along virtually every tubulovesicular structure ([Figure 2A](#F2){ref-type="fig"}).

Tagged WHAMM has been reported to overlap with RhoD in the Golgi region ([@B4]), so we also assessed the position of various fluorescent forms of WHAMM and RhoD. In contrast to mCherry-Rab1, which was found at the Golgi and/or tubulovesicular membranes in \>90% of cells, mCherry-RhoD was found in the cytosol and at the plasma membrane in most cells, although ∼30% of cells included some juxtanuclear Golgi-like localization (Supplemental Figure S2, A and B). When we expressed WHAMM to induce membrane tubulation, RhoD was not detected along the WHAMM-associated tubulovesicular structures (Supplemental Figure S2, B and C). Thus, whereas WHAMM, Rab1, and RhoD can all be found at the Golgi to some degree, Rab1 is the specific G-protein that colocalizes with WHAMM on tubulovesicular membranes.

To further characterize the colocalization of Rab1 and WHAMM, we visualized tubule dynamics in live cells. Of interest, mCherry-Rab1a mirrored the localization of GFP-WHAMM along tubular membranes whether they were stationary, elongating, branching, or shrinking ([Figure 2B](#F2){ref-type="fig"} and Supplemental Video S1). These results support the idea that Rab1 cooperates with WHAMM during multiple aspects of the tubulation process.

To confirm the colocalization of Rab1 and WHAMM, we sought to compare the location of the endogenous molecules. However, the fixation conditions for WHAMM and Rab1 antibody staining were incompatible (see *Materials and Methods*). Therefore we generated cell lines that stably express a [l]{.ul}ocalization and [a]{.ul}ffinity [p]{.ul}urification (LAP; [@B8])--tagged WHAMM variant with a histidine (His)-GFP tag at its N-terminus ([@B6]). We isolated two human foreskin fibroblast (HFF) clones expressing LAP-WHAMM at a level similar to that of endogenous WHAMM ([Figure 2C](#F2){ref-type="fig"}) and then fixed and stained the cells with polyclonal Rab1b antibodies. Endogenous Rab1 colocalized with LAP-WHAMM at the Golgi region and along tubular structures ([Figure 2D](#F2){ref-type="fig"}). Thus the localization of both tagged and endogenous Rab1 is consistent with a direct role in WHAMM-mediated membrane tubulation.

We next attempted to better characterize the identity of the tubulovesicular membranes. Because Rab1 and WHAMM both influence ER-to-Golgi transport ([@B18]; [@B29]; [@B6]), we examined the movement of mCherry-WHAMM--associated membranes in live cells coexpressing GFP in the ER lumen. WHAMM-associated vesicles found in the periphery of the cell were frequently moving but always appeared to be tethered to the ER (Supplemental Video S2). Similarly, short WHAMM-associated tubules were also connected to the ER ([Figure 3](#F3){ref-type="fig"}). Of interest, as the short WHAMM tubules traveled toward the cell perimeter, they often appeared to be trailed by ER membrane ([Figure 3](#F3){ref-type="fig"} and Supplemental Video S3). Thus at least some of the WHAMM-associated tubulovesicular membranes are involved in ER network remodeling.

![WHAMM-associated tubules are connected to the ER. Cos7 cells were cotransfected with plasmids encoding mCherry-WHAMM and GFP-ER (a calreticulin signal sequence followed by GFP and a KDEL retrieval sequence) and examined live. Black arrowheads indicate the starting position of a WHAMM-associated tubule, and white arrows highlight areas where tubule movement is trailed by ER membrane. The bottom row shows a higher magnification of the region of interest. See Supplemental Videos S2 and S3.](967fig3){#F3}

Rab1 is important for the association of WHAMM with organelle membranes
-----------------------------------------------------------------------

Because Rab1 enables the recruitment of its effector proteins to membranes ([@B1]; [@B5]), we hypothesized that a key function of Rab1 in tubulation is to recruit WHAMM to membranes. To test this, we examined the localization of GFP-WHAMM more closely in cells coexpressing the mCherry-Rab1 derivatives. As described earlier ([Figure 1](#F1){ref-type="fig"}), when the wild-type or active Q70L mutant of Rab1a was expressed, GFP-WHAMM displayed a Golgi and tubulovesicular localization ([Figure 4A](#F4){ref-type="fig"}). However, when either the S25N or N124I mutant was expressed, not only did the cells fail to assemble tubules, but in addition GFP-WHAMM exhibited a diffuse cytoplasmic localization ([Figure 4A](#F4){ref-type="fig"}). These dominant-negative Rabs did not cause a global redistribution of Golgi-associated proteins into the cytosol, because the *cis*-Golgi peripheral membrane protein GM130 was still found on puncta that were more discrete and dispersed in S25N-expressing cells ([Figure 4B](#F4){ref-type="fig"}) and in cells coexpressing S25N with GFP-WHAMM ([Figure 4C](#F4){ref-type="fig"}). These results suggest that the inactive mutants act as inhibitors of membrane tubulation by causing relocalization of WHAMM from membranes to the cytosol.

![Rab1 is important for the association of WHAMM with organelle membranes. (A) Cos7 cells were cotransfected with plasmids encoding GFP-WHAMM and WT, active (Q70L), or dominant-negative inactive (S25N or N124I) mCherry-Rab1a and fixed. GFP fluorescence is shown in green, and DAPI-stained DNA is blue. (B) Cos7 cells transfected with mCherry-Rab1a variants were stained with antibodies to GM130. (C) Cos7 cells cotransfected as in A were stained with antibodies to GM130. (D) HeLa cells were transfected with a control siRNA or with siRNAs to Rab1a and Rab1b. Cell extracts were then fractionated into their membrane and cytosolic components and examined by blotting with antibodies to WHAMM or N-WASP. The percentage of WHAMM in each fraction was determined by densitometry. Each bar represents the mean ± SD from three experiments.](967fig4){#F4}

To verify that Rab1 is important for recruitment of WHAMM to membranes, we examined the ability of endogenous WHAMM to cosediment with cell membranes in the presence or absence of Rab1. We treated cells with control siRNAs or siRNAs to deplete Rab1, generated cell extracts, fractionated them into their membrane and cytosolic components by centrifugation, and tested for the presence of WHAMM by immunoblotting. Under these conditions, WHAMM was distributed evenly in both fractions of control cells ([Figure 4D](#F4){ref-type="fig"}). In contrast, when cells were depleted of Rab1, the amount of WHAMM in the cytosolic fraction was more than double that of WHAMM in the membrane fraction ([Figure 4D](#F4){ref-type="fig"}). This redistribution was not observed for the control protein N-WASP, which remained enriched in the membrane fraction whether Rab1 was present or not ([Figure 4D](#F4){ref-type="fig"}). In conclusion, microscopy and fractionation studies each show that Rab1 is key for the association between WHAMM and cellular membranes.

An active prenylated form of Rab1 binds to the WHAMM membrane-interaction domain of WHAMM
-----------------------------------------------------------------------------------------

Given our functional and localization studies, we sought to determine whether the ability of Rab1 to stimulate WHAMM recruitment and membrane remodeling could be due to a physical interaction between the two proteins. First, we purified glutathione *S*-transferase (GST)--tagged Rab1a wild type, Q70L, and S25N from *Escherichia coli* (Supplemental Figure S3A), immobilized the proteins on glutathione beads, and performed pull-down assays using fibroblast extracts. Anti-WHAMM immunoblotting of bead-associated proteins demonstrated that both the wild-type Rab1a and the GTP-locked Q70L mutant of Rab1a interacted with WHAMM, whereas the GDP-locked S25N mutant and GST did not ([Figure 5A](#F5){ref-type="fig"}). Densitometry indicated that the Q70L variant pulled down slightly more WHAMM than wild-type Rab1, but neither one associated with N-WASP ([Figure 5A](#F5){ref-type="fig"}). Thus active Rab1 is capable of efficiently interacting with WHAMM in cytoplasmic extracts.

![An active prenylated form of Rab1 binds to the WMD of WHAMM. (A) Purified GST or WT, active (Q70L), or inactive (S25N) GST-Rab1a were immobilized on beads and mixed with Cos7 cell extracts. Bead-associated proteins were subjected to SDS--PAGE and blotted with antibodies to WHAMM or N-WASP. GST and GST-Rab1a were visualized by Ponceau S staining. The relative amount of WHAMM that was pulled down was measured in arbitrary units (AU) by densitometry. (B) The modular domain organization of WHAMM includes an N-terminal WMD (residues 1--260) that localizes to membranes, a CC region (residues 261--630) that binds microtubules, and a C-terminal PWCA segment (residues 631--809) that engages actin and the Arp2/3 complex ([@B7]). (C) Extracts from Cos7 cells transfected with plasmids encoding GFP or GFP-tagged WMD, CC, or PWCA were mixed with beads coated with active (Q70L) or inactive (S25N) GST-Rab1a. Bead-associated proteins were subjected to SDS--PAGE and blotted for GFP. GST-Rab1a was visualized with Ponceau S. The amount of WHAMM pulled down was determined by densitometry. (D) MBP or MBP-tagged full-length WHAMM (WHM) or the WMD were immobilized on beads and mixed with purified GST or GST-tagged versions of Rab1a that were membrane extracted (Rab1(M)) or cytosolic (Rab1(C)). Bead-associated proteins were subjected to SDS--PAGE and stained with Coomassie blue. The amount of GST proteins pulled down was determined by densitometry. In A--D, each bar represents the mean ± SD from three experiments. \*\*\**p* \< 0.001, ANOVA with Dunnett's posttest. \**p* \< 0.05, with a paired *t* test. See Supplemental Figure S3.](967fig5){#F5}

The modular organization of WHAMM includes an N-terminal WHAMM membrane-interaction domain (WMD), a central coiled-coil (CC) portion that binds microtubules, and a C-terminal polyproline-WH2-connector-acidic (PWCA) region that drives actin nucleation ([Figure 5B](#F5){ref-type="fig"}; [@B6]). To determine which part of WHAMM is responsible for the association with Rab1, we expressed each domain as a GFP-fusion protein in cells and generated extracts to use in pull-down assays with the purified GTP- or GDP-bound versions of GST-Rab1a. Of interest, we observed an interaction between the active Q70L mutant and the WMD ([Figure 5C](#F5){ref-type="fig"}). These results are consistent with the previous observations that the WMD is sufficient for localizing to membranes in cells ([@B6]) and binding to crude liposomes in vitro ([@B46]).

Each of the foregoing pull downs took place in cell extracts, so we could not distinguish whether WHAMM bound directly to Rab1 or other cytoplasmic factors mediated their interaction. To test for direct binding, we first purified maltose-binding protein (MBP)--tagged WHAMM and the WMD from baculovirus-infected Sf9 insect cells ([@B46]). We also generated a recombinant prenylated form of Rab1 by expressing GST-Rab1a in insect cells and fractionating their cytoplasmic components before purifying separate membrane-extracted (Rab1(M)) and cytosolic (Rab1(C)) forms of GST-Rab1a in the presence of excess GTP (Supplemental Figure S3B; [@B32]). In subsequent pull-down assays, MBP-WHAMM and MBP-WMD efficiently bound to Rab1(M) but showed little binding to Rab1(C) ([Figure 5D](#F5){ref-type="fig"}). Neither WHAMM derivative bound to GST alone, and MBP did not interact with any of the GST-fusion proteins ([Figure 5D](#F5){ref-type="fig"}), indicating that the physical interaction between the WMD and Rab1(M) was specific. Therefore we conclude that the WHAMM WMD binds directly to an active prenylated form of Rab1.

Rab1 inhibits actin assembly in vitro
-------------------------------------

Because binding of other small G-proteins to WASP-family proteins can stimulate their actin nucleation--promoting activity ([@B27], [@B28]; [@B38]; [@B13]; [@B48]; [@B19]), we next tested whether Rab1 might influence WHAMM-associated actin nucleation in vitro by examining actin assembly kinetics in fluorescent pyrene-actin polymerization assays. As expected based on previous results ([@B6]; [@B46]), MBP-WHAMM and the Arp2/3 complex together accelerated actin assembly in this system of purified components ([Figure 6A](#F6){ref-type="fig"}). Surprisingly, however, the addition of Rab1(M) caused a dose-dependent decrease in the rate of actin polymerization ([Figure 6A](#F6){ref-type="fig"}). In contrast, a GST-RhoD derivative that was previously shown to pull down WHAMM from cell extracts ([@B15]) did not inhibit actin assembly in the presence of purified full-length WHAMM ([Figure 6B](#F6){ref-type="fig"}). The inhibitory effect of Rab1 was specific to the membrane-derived version of Rab1 and to WMD-containing constructs of WHAMM. In particular, Rab1(M) decreased the maximal actin polymerization rates when used at concentrations equimolar to or greater than full-length WHAMM ([Figure 6C](#F6){ref-type="fig"}), whereas RhoD did not have any significant effect on actin assembly kinetics in the presence of high (200 nM) or low (50 nM) concentrations of WHAMM, even when present in a molar excess and loaded with GTPγS ([Figure 6D](#F6){ref-type="fig"}). In contrast, Rab1(M) did not significantly slow actin assembly driven by the isolated PWCA domain from WHAMM ([Figure 6, E and F](#F6){ref-type="fig"}) or the WCA domain from N-WASP ([Figure 6G](#F6){ref-type="fig"}). Finally, G-proteins without an affinity for WHAMM, cytosolic Rab1(C) and membrane-extracted Rab5(M), did not affect the rate of actin polymerization in the presence of WHAMM or its PWCA segment ([Figure 6C,F](#F6){ref-type="fig"}). Collectively these results indicate that Rab1(M) inhibits actin assembly driven by recombinant WHAMM and the Arp2/3 complex in vitro.

![Rab1 inhibits actin assembly in vitro. Actin (2 μM) was polymerized in the presence of 20 nM Arp2/3 complex, 50--500 nM MBP-WHAMM (full-length) or MBP-WHAMM (PWCA), or 50 nM His--N-WASP (WCA), with or without GST-Rab1(M), GST-Rab1(C), GST-RhoD, or GST-Rab5(M) derivatives. (A, B, E) Amount of F-actin, in relative fluorescence units (RFU), formed over time. (C, D, F, and G) Maximal actin assembly rates. The assembly rate for actin alone was ∼0.12 nM/s. All data are from representative experiments, and error bars indicate the SDs from three or four experiments. \*\*\**p* \< 0.001.](967fig6){#F6}

These findings were unexpected because WHAMM-mediated actin assembly was previously shown to promote the elongation of tubulovesicular membranes in cells ([@B6]). Indeed, similar to those previous observations, actin filaments were associated with the elongated membrane structures induced upon coexpression of WHAMM and Rab1 ([Figure 7A](#F7){ref-type="fig"} and Supplemental Figure S4). However, when we examined these membranes at the resolution of individual tubulovesicular structures, we noticed that the actin filaments were predominantly found along the length of the tubule and were mostly absent from the vesicle head ([Figure 7B](#F7){ref-type="fig"}). To quantify this, we measured the relative intensity of WHAMM, Rab1, and F-actin along tubulovesicular structures, setting the maximal intensity of WHAMM on the vesicle to 1. These analyses confirmed that the amounts of Rab1 and WHAMM both peaked in association with the vesicle, whereas F-actin intensity was low on the vesicle and consistently high along the length of the tubule ([Figure 7C](#F7){ref-type="fig"}). Thus the ability of Rab1 to inhibit the actin nucleation-promoting function of WHAMM in vitro is consistent with an absence of actin filaments around the vesicle portions of tubulovesicular membranes in cells.

![Actin assembly is limited around the heads of tubulovesicular structures. (A) Cos7 cells coexpressing mCherry-Rab1a and GFP-WHAMM were fixed and stained with phalloidin to label actin filaments and DAPI to visualize DNA (Supplemental Figure S4). (B) Colocalization of Rab1 with WHAMM and the position of actin filaments in association with tubulovesicular membranes are highlighted in magnified images. (C) Relative fluorescence intensity of GFP-WHAMM (green), mCherry-Rab1a (red), and F-actin (blue) along the length of three representative tubulovesicular structures. For normalization purposes, the maximum intensity of WHAMM fluorescence was set to 1 relative fluorescence unit (RFU) on the *y*-axis and 1 μm on the *x*-axis.](967fig7){#F7}

DISCUSSION
==========

The localization and activities of WASP-family nucleation factors have been known for many years to be controlled by small G-proteins. As the best-studied examples, active Cdc42 binds directly to WASP/N-WASP to relieve autoinhibition and promote localized actin assembly ([@B22]; [@B37]), whereas active Rac1 binds to the heteropentameric WAVE complex to stimulate WAVE1/WAVE2-mediated nucleation at plasma membrane protrusions ([@B9]). Our results demonstrating the physical and functional interactions between Rab1 and WHAMM now reveal a new link between the ER--Golgi trafficking machinery and the actin nucleation machinery. They also add Rab1 to an emerging group of molecules that modulate Arp2/3 function, with other examples including Dip1/WISH/SPIN90, which directs Arp2/3 to generate unbranched filaments ([@B50]), and Arpin, which can inhibit Arp2/3-mediated nucleation and branching during cell migration ([@B12]).

The interaction between WHAMM and Rab1 exhibits both similarities to and differences from how other WASP-family members are targeted by Rho-family GTPases. Like WASP and N-WASP, WHAMM is recruited to membranes by binding directly to its G-protein partner, although the preference for the prenylated G-protein form appears to be more pronounced for WHAMM with Rab1. The most significant and unexpected difference is that Rab1 inhibits actin assembly by WHAMM, whereas Rho GTPases stimulate actin assembly by other WASP-family proteins. Of interest, another WASP-family member, WASH, controls membrane remodeling and trafficking, but of endosomal membranes rather than secretory organelles or the plasma membrane ([@B45]). The role of G-proteins in regulating WASH functions are not known, so it will also be important to learn how WASH activity is turned on or off by small G-proteins. It seems likely that one or more Rab-family GTPases govern the recruitment and/or nucleation-promoting activity of WASH on its target endosomes.

Aside from Rab1, WHAMM was previously shown to interact with another small G-protein, RhoD ([@B15]), which also plays a role in anterograde transport ([@B4]). However, our results indicate that RhoD does not have any direct function in WHAMM-associated endomembrane tubulation in cells or in regulating the actin nucleation--promoting activity of purified WHAMM in vitro. Thus a direct link between WHAMM and RhoD in a specific membrane remodeling function has yet to be defined. Whether RhoD influences WHAMM activity in a distinct cellular process such as actin stress fiber assembly or disassembly ([@B15]) remains to be determined.

Rab1 is a versatile G-protein that functions at multiple steps along the secretory pathway ([@B18]; [@B29]). This includes ER budding ([@B49]; [@B33]), COPII coat dynamics ([@B47]), COPI coat recruitment ([@B2]; [@B30]), ERGIC-associated trafficking ([@B34]; [@B42]; [@B40]; [@B25]), and, finally, tethering and fusion at the *cis*-Golgi ([@B1]; [@B31]; [@B43]). Our results now add another function for Rab1: regulating cytoskeleton-associated membrane remodeling. The tubulovesicular membranes that are remodeled by Rab1 and WHAMM appear to be related to organelles of the secretory pathway, as they are often connected to the ER (e.g., [Figure 3](#F3){ref-type="fig"}) or Golgi (e.g., [Figure 7](#F7){ref-type="fig"}). However, precisely how Rab1 promotes tubulation and how membrane scission takes place are not yet clear.

Previous work demonstrated that the ability of WHAMM to drive Arp2/3-mediated actin assembly is important for tubule elongation in cells ([@B6]), but our results indicate that Rab1 slows actin assembly in vitro. One possible explanation for these seemingly disparate findings is that after Rab1 recruits WHAMM to membranes, other, yet-to-be-defined factors activate WHAMM and the Arp2/3 complex to nucleate actin and promote membrane tubule elongation. The rate of actin polymerization, however, would be limited by the inhibitory activity of Rab1. Moreover, based on the localization of Rab1 and actin filaments in association with tubulovesicular membranes, Rab1 is presumably more effective at impeding WHAMM-mediated actin assembly at the vesicle head than along the length of the tubule. Thus the engagement of WHAMM by a combination of positive and negative regulators would provide an appropriate level of actin assembly for coordinating the tubulovesicular membrane remodeling process. Of interest, our results with Rab1 parallel those with microtubules, in that microtubules are important for membrane tubulation in cells ([@B6]) and inhibit actin assembly by recombinant WHAMM in vitro ([@B46]). Molecules that stimulate WHAMM-associated actin nucleation have not yet been uncovered, and it is also not known whether WHAMM exists in a multisubunit regulatory complex similar to the WAVE and WASH proteins. Thus determining the identities of other WHAMM-interacting factors and deciphering how WHAMM and additional WASP-family proteins are controlled by their binding partners are important goals for the future.

MATERIALS AND METHODS
=====================

Plasmids, bacmids, and viruses
------------------------------

Plasmids, bacmids, and baculoviruses encoding human WHAMM were described previously ([@B6]; [@B46]). Plasmids encoding fluorescent versions of canine Rab1a, which is identical to human Rab1a, were generated by PCR using a *GFP-Rab1a* template (a gift from Craig Roy, Yale University, New Haven, CT) and cloned as a *Kpn*I-*Not*I fragment into pKC-EGFP-C1 and pKC-mCherry-C1 ([@B6]). The GST-RhoD plasmid (a gift from Pontus Aspenstrom, Karolinska Institutet, Stockholm, Sweden) was described previously ([@B15]). Fluorescent versions of murine RhoD were constructed by subcloning RhoD as a *Bam*HI-*Eco*RI fragment into pKC-EGFP-C1 and pKC-mCherry-C1. Other G-proteins were also expressed using pKC-EGFP-C1. To generate a plasmid for expression of GST-Rab1a in *E. coli*, Rab1a was cloned into the *Bam*HI site of pGEX-4T-1 (GE Healthcare, Pittsburgh, PA). To create a baculovirus expression construct, GST-Rab1a was cloned into the *Kpn*I-*Not*I sites of pKC-FastBacHTA ([@B6]). GST-Rab5a was generated similarly by subcloning murine Rab5a from an mCherry-Rab5a template (27679; Addgene, Cambridge, MA) as an *Eco*RI-*Not*I fragment into pKC-FastBacHTA. Recombinant baculoviruses were generated using the Bac-to-Bac system (Invitrogen, Carlsbad, CA; [@B6]).

Bacterial and eukaryotic cell culture
-------------------------------------

All bacteria were cultured in Luria--Bertani medium with appropriate antibiotics at 37°C. Plasmids were maintained in *E. coli* XL-1 Blue (Stratagene, San Diego, CA) and purified using standard miniprep kits (Machery-Nagel, Bethlehem, PA) before transfection. During bacterial expression, GST-fusion proteins were produced in *E. coli* Rosetta(DE3)pLysS (EMD Millipore, Billerica, MA). *Sf*9 insect cells were grown in ESF921 medium (Expression Systems, Davis, CA) at 28°C and infected with baculoviruses encoding MBP- or GST-fusion proteins at a multiplicity of infection of ∼1. Cos7, HeLa, and HFF cells were cultured in DMEM plus 10% fetal bovine serum and antibiotic-antimycotic (Invitrogen) at 37°C in 5% CO~2~. Transfections with DNA or RNA used Lipofectamine-LTX or RNAiMAX (Invitrogen), respectively ([@B6]). Control siRNAs, siRNAs to glyceraldehyde-3-phosphate dehydrogenase, and siRNA pair \#3 to Rab1a+b were from Ambion, and siRNA pairs \#1 and 2 to Rab1a+b and siRNAs \#1 and 2 to RhoD were from Sigma-Aldrich (St. Louis, MO). For selection of HFF clones stably transfected with *LAP* or *LAP-WHAMM*, media were supplemented with 750 μg/ml G418. To induce LAP expression, 7.6 mM sodium butyrate was added for 12--18 h.

Fluorescence microscopy
-----------------------

For most analyses, cells grown on glass coverslips were fixed using 2.5% paraformaldehyde and permeabilized with 0.1% Triton X-100 in phosphate-buffered saline (PBS). To visualize endogenous Rab1 or GM130, cells were treated with rabbit anti-Rab1b (Santa Cruz Biotechnology, Dallas, TX) or mouse anti-GM130 (BD Biosciences, San Jose, CA) primary antibodies and Alexa 488--, 555--, 568--, or 647--conjugated secondary antibodies (Invitrogen). F-actin was detected using 4 U/ml Alexa-conjugated phalloidin (Invitrogen), and DNA was labeled using 1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen). These fixation and staining conditions are incompatible with the methanol treatment required to immunostain for WHAMM ([@B6]). Coverslips were mounted in ProLong Gold antifade (Invitrogen), and images were captured using 60×/1.40 numerical aperture (NA) or 100×/1.45 NA PlanApo objective lenses on a Nikon Ti-E microscope equipped with an Andor Clara-E camera. For live cells, images were acquired at 1- to 10-s intervals, converted to 16-bit format, and processed using ImageJ software (National Institutes of Health, Bethesda, MD).

Microscopic quantification
--------------------------

For measuring membrane tubulation, cells expressing GFP/mCherry-tagged WHAMM and/or Rab1a were scored positive for tubulation if WHAMM fluorescence appeared in tubular structures that were \>1 μm or \>5 μm in length and not within the juxtanuclear Golgi. To avoid the microtubule bundling that arises from WHAMM overexpression ([@B6]), Cos7 cells grown in six-well plates were transfected with only 35--75 ng of WHAMM plasmids per well. Microscopic quantification was performed in a blinded manner by coding coverslips and scoring randomly chosen cells. Fluorescence intensity line scans were generated using the histogram analysis tool in ImageJ. Statistical significance and *p* values were evaluated using analysis of variance (ANOVA), Mann--Whitney, Dunnett, and *t* tests in the GraphPad Prism software package.

SDS--PAGE and immunoblotting
----------------------------

To prepare cytoplasmic extracts, transfected cells were collected in PBS plus 2 mM EDTA and lysed in 50 mM Tris, pH 7.6, 50 mM NaCl, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and 10 μg/ml each of aprotinin, leupeptin, pepstatin, and chymostatin (Sigma-Aldrich) before mixing with SDS--PAGE sample buffer. For fractionation, cells were lysed in 10 mM Tris pH 7.6, 250 mM sucrose, and 1 mM EDTA plus inhibitors by passage through a 27-gauge needle and centrifuged at 16,000 × *g* to remove nuclei and debris. Clarified lysates were then centrifuged at 54,000 rpm in a TLA100 rotor (Beckman, Brea, CA) for 76 min, and the resulting pellet (membrane) and supernatant (cytosol) were mixed with sample buffer to equivalent volumes. All samples were boiled and analyzed by SDS--PAGE and Coomassie blue staining or transferred to nitrocellulose filters and stained with Ponceau S. Filters were probed with chicken anti-WHAMM or rabbit anti-GFP ([@B6]), rabbit anti--N-WASP ([@B38]), rabbit anti-Rab1b or mouse anti-RhoD (Santa Cruz Biotechnology), or mouse anti-tubulin (Developmental Studies Hybridoma Bank, Iowa City, IA) antibodies. After treatment with horseradish peroxidase---conjugated secondary antibodies, bands were visualized using enhanced chemiluminescence (GE Healthcare). Densitometry was performed in ImageJ by measuring the mean pixel intensity of protein-specific bands and normalizing those values to background staining.

Protein purification and analysis
---------------------------------

Bacteria expressing GST-Rab1a derivatives or GST-RhoD were collected by centrifugation, resuspended in PBS plus 200 mM KCl, 5% glycerol, and inhibitors, and frozen in liquid nitrogen. Thawed suspensions were lysed by sonication in the presence of 1 mg/ml lysozyme. GST fusions were isolated via glutathione affinity beads (GE Healthcare) and eluted in 50 mM Tris, pH 8.0, 200 mM KCl, and 10 mM glutathione ([@B6]). For some experiments, GST-RhoD eluates were supplemented with 75 μM GTPγS. Baculovirus-infected *Sf*9 cells expressing MBP-WHAMM derivatives were collected by centrifugation, resuspended in 20 mM Tris, pH 7.6, 250 mM NaCl, 100 mM KCl, 1 mM dithiothreitol (DTT), 1 mM EDTA, 5% glycerol, and inhibitors, and frozen in liquid nitrogen. Suspensions were freeze-thawed, treated with 0.02% NP-40, sonicated using a Fisher dismembranator, and centrifuged for 20 min at 35,000 rpm at 4°C in a 70.1Ti rotor (Beckman). To purify the MBP-fusion proteins, 0.45-μm-filtered supernatants were mixed with amylose resin (New England Biolabs, Ipswich, MA), and bound proteins were collected in 20 mM Tris, pH 7.6, 250 mM NaCl, 100 mM KCl, 1 mM DTT, 1 mM EDTA, 5% glycerol, and 10 mM maltose ([@B46]). MBP-fusions were dialyzed into 20 mM 3-(*N*-morpholino)propanesulfonic acid (pH 7.0), 100 mM KCl, 2 mM MgCl~2~, 5 mM ethylene glycol tetraacetic acid, 1 mM EDTA, and 10% glycerol before use in pyrene-actin assembly assays. *Sf*9 cells expressing GST-Rab1a or GST-Rab5a were collected by centrifugation, washed with PBS, resuspended in PBS plus 125 mM NaCl, 100 mM KCl, 1 mM MgCl~2~, 5% glycerol, 0.2 mM GTP, and inhibitors, and frozen in liquid nitrogen. After two freeze--thaw cycles, suspensions were sonicated and passed through a 22-gauge needle. Debris was pelleted by centrifugation for 35 min at 10,000 rpm at 4°C in a SS34 rotor (Sorvall, Waltham, MA), and the supernatant was resonicated twice and passed through a 0.45-μm filter to generate cytoplasmic extract. Membranes and cytosol were then separated by centrifugation for 54 min at 44,000 rpm at 4°C in a 60Ti rotor (Beckman). The membrane fraction was washed once with buffer, repelleted, resuspended in buffer containing 0.6% 3-\[(3-cholamidopropyl)dimethylammonio\]-1-propanesulfonate (CHAPS), and again pelleted to yield a supernatant containing extracted membrane proteins, similar to published methods ([@B32]). To purify the cytosolic or membrane-extracted forms of Rab1---GST-Rab1(C) and GST-Rab1(M), respectively---each sample was mixed with glutathione affinity beads, and proteins were eluted in 50 mM Tris, pH 8.0, containing 200 mM KCl, 10 mM glutathione, and 0.1% CHAPS. GST-Rab5(M) was isolated in a similar manner to GST-Rab1(M). All protein quantities were measured using Bradford assays (Bio-Rad, Hercules, CA), and purities were confirmed by SDS--PAGE analyses. Aliquots were frozen in liquid nitrogen and stored at −80°C.

Pull-down assays
----------------

For GST pull downs, GST-fusion proteins purified from bacteria were immobilized on glutathione-agarose beads and mixed with Cos7 cell extracts at 23°C for 1 h in GST buffer. After 2300-rpm centrifugation steps and washing, bead-associated proteins were eluted by boiling in sample buffer. For MBP pull downs, MBP, MBP-WHAMM, and MBP-WMD were immobilized on amylose-agarose beads and mixed with 3.3 μM purified GST, GST-Rab1(C), or GST-Rab1(M) at 23°C for 1 h in MBP freezing buffer supplemented with 20 μM GTP. After centrifugation and washing, bead-associated proteins were eluted by boiling in sample buffer.

Pyrene-actin assembly assays
----------------------------

Assembly assays were performed essentially as described previously ([@B6]). Briefly, 2 μM actin (7% pyrene labeled) was polymerized in the presence of 20 nM Arp2/3 complex with or without its regulators. Maximal actin assembly rates were calculated by measuring the slopes of polymerization curves at half of the maximal F-actin concentration.

Supplementary Material
======================

###### Supplemental Materials

This article was published online ahead of print in MBoC in Press (<http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E15-07-0508>) on January 28, 2016.

We thank David Stephens, Craig Roy, and Pontus Aspenstrom for reagents and Sarah Grout for assistance with pyrene assays. K.G.C. was supported by a Leukemia and Lymphoma Society Career Development Fellowship, a University of Connecticut Research Foundation Grant, an American Heart Association Scientist Development Grant, and National Institutes of Health Grant R01 GM107441. A.J.R. and S.H. were supported by University of Connecticut student fellowships. M.D.W. was supported by National Institutes of Health Grant R01 GM059609.

CC

:   coiled-coil

JMY

:   junction mediating and regulatory

PWCA

:   polyproline WASP-homology-2 connector acidic

WASP

:   Wiskott--Aldrich syndrome protein

WHAMM

:   WASP homologue associated with actin membranes and microtubules

WMD

:   WHAMM membrane-interaction domain.
